Memory formation is highly sensitive to specific patterns of training, but the cellular and molecular mechanisms underlying pattern sensitivity are not well understood. We explored this general question by using Aplysia californica as a model system. We examined the regulation of MAPK (ERK1/2) activation by small G proteins in the CNS by using different patterns of analog stimuli that mimic different patterns of behavioral training for memory induction. We first cloned and characterized the Aplysia homologs of the small G proteins, Ras and Rap1 (ApRas and ApRap, respectively). We next examined changes in ApRas and ApRap activity that accompany MAPK activation. Last, by delivering recombinant ApRas and ApRap into the CNS, we directly manipulated their activity and examined the resultant MAPK activation. We found that MAPK activation induced by analog training depends on the combined activity of ApRas and ApRap, rather than the individual activity of either one alone. Also, ApRas and ApRap have a complex role in MAPK activation: they can act as activators or inhibitors, depending on the specific pattern of the training. The patternsensitive regulation of MAPK by interactive ApRas and ApRap activity that we have identified could contribute to the molecular routing of different downstream effects of spatially localized MAPK required for the induction of specific pattern-sensitive forms of synaptic facilitation and memory.
Memory formation is highly sensitive to specific patterns of training, but the cellular and molecular mechanisms underlying pattern sensitivity are not well understood. We explored this general question by using Aplysia californica as a model system. We examined the regulation of MAPK (ERK1/2) activation by small G proteins in the CNS by using different patterns of analog stimuli that mimic different patterns of behavioral training for memory induction. We first cloned and characterized the Aplysia homologs of the small G proteins, Ras and Rap1 (ApRas and ApRap, respectively). We next examined changes in ApRas and ApRap activity that accompany MAPK activation. Last, by delivering recombinant ApRas and ApRap into the CNS, we directly manipulated their activity and examined the resultant MAPK activation. We found that MAPK activation induced by analog training depends on the combined activity of ApRas and ApRap, rather than the individual activity of either one alone. Also, ApRas and ApRap have a complex role in MAPK activation: they can act as activators or inhibitors, depending on the specific pattern of the training. The patternsensitive regulation of MAPK by interactive ApRas and ApRap activity that we have identified could contribute to the molecular routing of different downstream effects of spatially localized MAPK required for the induction of specific pattern-sensitive forms of synaptic facilitation and memory.
ERK phosphorylation ͉ Rap ͉ Ras A cardinal feature of memory formation is its sensitivity to specific patterns of training. Although this pattern sensitivity has long been observed at the behavioral level (1) (2) (3) (4) (5) , the underlying cellular and molecular mechanisms of pattern sensitivity are poorly understood. We have explored this general question in the marine mollusk Aplysia californica, which is well suited for mechanistic analyses of simple forms of learning.
We have previously shown that memory for tail-shock induced sensitization in Aplysia is highly sensitive to the amount and pattern of training. The formation of intermediate-term memory (ITM) and long-term memory (LTM) induced by temporally spaced multiple training trials depends on protein synthesis (6) (7) (8) . A single trial can also induce a site-specific form of ITM, which does not require protein synthesis, but does require persistent activation of PKC (9) . Last, when repeated trials are delivered in a massed fashion, they are much less effective in inducing long-lasting ITM and LTM (5) . This pattern sensitivity in memory formation is not restricted to Aplysia, but is shared by many other species, including humans (1, 3, 4) .
Tail shock (TS) induces global serotonin (5-HT) release in the Aplysia pleural-pedal ganglia (the CNS), where tail sensory neurons (SNs) and motor neurons (MNs) are located (10, 11) . It also induces activation of a subset of the tail SNs in the receptive field of the TS. Different patterns of exogenous 5-HT application, or 5-HT in combination with KCl (to induce SN activity) to the CNS, has been used as proxy for TS (12) (13) (14) (15) . These training analogs induce synaptic facilitation at SN-MN synapses, a well established cellular analog of memory for sensitization, in a pattern-sensitive manner (12, (15) (16) (17) (18) .
MAPK (ERK1/2) has a crucial role in long-lasting synaptic facilitation and memory formation in a wide range of animals (19) (20) (21) (22) (23) (24) . There are many upstream cascades that can funnel into MAPK (e.g., cAMP, PKA, PKC, as well as growth factors such as BDNF) and many downstream targets (including synaptic effectors, as well as translational and transcriptional machinery), the specificity of which may be conferred by different combinations of upstream elements (22) . Therefore, a fundamental question centers on whether different patterns of training trials activate MAPK through the same or different upstream pathways. Two monomeric G proteins, Ras and Rap1, are canonical regulators of MAPK in many systems (25) (26) (27) (28) . They integrate upstream inputs and route active MAPK to specific downstream pathways. In this article we asked: Can the differential effects of unique patterns of training trials be encoded in the regulation of MAPK activation by Ras and Rap1?
To explore this question, we examined small G protein regulation of MAPK activation induced by the following: (i) 5 spaced pulses of 5-HT application (''spaced 5-HT,'' mimicking spaced training), (ii) a single pulse of 5-HT in combination with KCl (''KCl ϩ 5-HT,'' mimicking site-specific training), or (iii) a continuous 25min 5-HT application (''massed 5-HT,'' mimicking massed training). Although these patterns of analog training are different in their ability to induce longer or shorter lasting forms of plasticity, we found that MAPK is similarly activated in all of them. However, MAPK activation is not equivalent, because it is differentially regulated by the functional interaction between ApRas and ApRap, whose combined activity differs as a function of training pattern. Thus, our study provides insights into how different training patterns might give rise to the same overall MAPK activation, but due to specificity conferred by upstream signaling, the activated MAPK may be routed to different downstream substrates required for the induction of specific forms of synaptic facilitation and memory.
Thus, we first cloned the Aplysia homologs of Ras and Rap1 (ApRas and ApRap, respectively; GenBank accession no. EU019907 and EU019908). We found a single isoform of ApRas, which shows 76-80% identity with mammalian and Drosophila Ras. We also identified a single isoform of ApRap, which shows 86-88% identity with mammalian Rap1, but only 58-59% identity with Rap2, suggesting it is a Rap1 homolog. As shown in the sequence alignment (Fig. 1A) , the N-terminals of ApRas and ApRap are highly conserved, especially in the functional domains that bind to GTP/GDP or downstream targets. The C-terminals are more variable, as is typical for small G proteins. Also, both ApRas and ApRap contain a prenyltransferasetargeted motif (CAAX) at the C-terminal tail, indicating they may be attached with a lipid group and anchored to membranes. Considerable evidence suggests that membrane anchoring of small G proteins is crucial for their cellular function (25, 29) .
Northern blotting experiments showed that ApRas and ApRap are universally expressed in Aplysia tissues, including the CNS (Fig. 1B1) . Antibodies against mammalian Ras or Rap1 recognized major bands of Ϸ21 kDa in Aplysia CNS (Fig. 1B2) , which is consistent with their predicted sizes. These antibodies are highly specific and do not cross-react with each other. Last, both ApRas and ApRap are highly concentrated in the membrane fraction of Aplysia CNS (Fig. 1B3 ).
Interactive Small G Proteins are Differentially Correlated with MAPK
Activation Induced by Distinct Patterns of Analog Training. We have previously shown that different patterns of analog training induce distinct forms of synaptic facilitation in the Aplysia CNS (17, 18) . Here, we asked, first, whether different patterns of analog training differentially activate MAPK, and second, how MAPK activation is correlated with the activation of ApRas and ApRap. To examine these questions, we designed a double pull-down assay [supporting information (SI) Fig. S1 ], which allowed us to simultaneously analyze ApRas, ApRap, and MAPK activation within any given sample and thus examine possible interactions among these molecules.
Immediate MAPK activation has been previously observed in tail SNs in response to spaced 5-HT or KCl ϩ 5-HT, but not after a single 5-HT pulse alone (21) . Consistent with these findings, as shown in Fig. 2A , we found that a single 5-HT pulse did not induce MAPK activation in the whole CNS (105.5 Ϯ 2.8%, n ϭ 16, NS), and that spaced 5-HT, as well as KCl ϩ 5-HT, significantly activated MAPK (spaced 5-HT: 131.1 Ϯ 13.9%, n ϭ 13, P Ͻ 0.001; KCl ϩ 5-HT: 127.6 Ϯ 3.3%, n ϭ 17, P Ͻ 0.001). We also found significant MAPK activation after massed 5-HT (138.6 Ϯ 3.6%, n ϭ 17, P Ͻ 0.001), the magnitude of which was not significantly different from the other 2 groups. Because there is a similar amount of MAPK activation with all 3 patterns of analog training, this finding initially suggested that MAPK activation was insensitive to pattern. However, this observation does not rule out the possibility that pattern-specific stimulation engages distinct pathways to activate MAPK (presumably to produce functionally specific downstream consequences). Thus, we examined the correlation of upstream small G protein activation with MAPK activity. We compared the activation of ApRas and ApRap in each animal, and asked: Is the magnitude of MAPK activation higher when ApRas activation exceeds that of ApRap (ApRas Ͼ ApRap), or the opposite (ApRap Ͼ ApRas)? Interestingly, we found that MAPK activation was differentially correlated with the changes in the balance between ApRas and ApRap activity. After spaced 5-HT, MAPK activation was greater in the animals where ApRas Ͼ ApRap (P Ͻ 0.05) (Fig. 2B1) . In contrast, after KCl ϩ 5-HT, MAPK activa- tion was greater when ApRap Ͼ ApRas (P Ͻ 0.05) (Fig. 2B2 ). After massed 5-HT, there was no significant pattern detected (Fig. 2B3 ). These results suggest that ApRas and ApRap may be differentially engaged in MAPK activation as a function of the patterns of analog training.
Importantly, we observed little significant change in the individual activation of ApRas and ApRap after any form of analog training (Fig. S2 ). The correlation of MAPK activation with small G proteins was not revealed until we took into account the functional interaction between ApRas and ApRap. Collectively, our results suggest that MAPK activation correlates with the changes in the combined activity of ApRas and ApRap in a pattern-sensitive manner.
Increasing ApRas and ApRap in Aplysia CNS Changes the Magnitude of MAPK Activation. To further explore the engagement of ApRas and ApRap in MAPK activation, we used the HIV tat PTD system to deliver recombinant ApRas or ApRap into the Aplysia CNS to directly increase the intracellular pool of active ApRas or ApRap, respectively (Fig. S3 ). As shown in Fig. 3A , tat-ApRas did not change basal MAPK activity (100.8 Ϯ 5.9%, n ϭ 11, P ϭ 0.9). In contrast, we observed a significant reduction in MAPK activity after tat-ApRap transfection (84.3 Ϯ 5.9%, n ϭ 12, P Ͻ 0.05), suggesting ApRap may actually inhibit MAPK activity in the basal state.
A single 5-HT pulse does not induce immediate MAPK activation. Such activation requires repeated 5-HT application or coincident depolarization with a single pulse of 5-HT application (Fig. 2 A) . Because these patterns of 5-HT application change the balance between ApRas and ApRap activity ( Fig. 2B; Fig. S2 ), we asked whether directly changing the balance between small G protein activity would give rise to a gain-of-function in MAPK activation. As shown in Fig. 3B , increasing the active pool of small G proteins with either tat-ApRas or tat-ApRap significantly activated MAPK by a single 5-HT pulse (for tat-ApRas: 122.0 Ϯ 7.6%, n ϭ 6, P Ͻ 0.05; for tat-ApRap: 111.6 Ϯ 3.3%, n ϭ 8, P Ͻ 0.01). These results suggest that enhancing either ApRas or ApRap activity may enable MAPK activation, which requires further interaction with other downstream signaling cascades from 5-HT to give rise to pattern-specific effects.
Another prediction drawn from our correlational analysis (Fig. 2) is that shifting the balance between ApRas and ApRap activity in a specific direction should have distinct effects on MAPK activation induced by different patterns of analog training. For example, for spaced 5-HT, greater MAPK activation was correlated with ApRas Ͼ ApRap. Therefore, enhancing ApRas activity to ensure ApRas Ͼ ApRap was expected to cause increased MAPK activation. In contrast, enhancing ApRap activity to prevent ApRas Ͼ ApRap was expected to result in decreased MAPK activation. Opposite results were predicted for MAPK activation by KCl ϩ 5-HT, when greater activation was correlated with ApRap Ͼ ApRas. After massed 5-HT, both manipulations should increase MAPK activation. As shown in Fig. 3C , our results confirmed these predications. Tat-ApRas transfection enhanced MAPK activation induced by 5 spaced 5-HT (116.8 Ϯ 6.2%, n ϭ 6, P Ͻ 0.05), compared with the vehicle-treated side that received the same pattern of 5-HT application; in contrast, tat-ApRap reduced the activation (80.2 Ϯ 4.7%, n ϭ 9, P Ͻ 0.05). With KCl ϩ 5-HT, tat-ApRas reduced MAPK activation (93.1 Ϯ 3.0%, n ϭ 6, P Ͻ 0.05), whereas tat-ApRap enhanced it (115.4 Ϯ 5.3%, n ϭ 6, P Ͻ 0.05). Transfection of either G protein enhanced MAPK activation by massed 5-HT (for tat-ApRas: 116.4 Ϯ 5.7%, n ϭ 6, P Ͻ 0.05; for tat-ApRap: 127.3 Ϯ 12.0%, n ϭ 11, P Ͻ 0.05). Collectively, these results suggest that the role of ApRas and ApRap in MAPK activation is not predetermined, but differentially defined by the pattern of analog training.
Endogenous ApRas and ApRap Interactively Regulate MAPK Activation. Our results suggest that small G proteins are engaged in MAPK activation in a pattern-sensitive fashion (Fig. 2B) . To examine the requirement of endogenous ApRas and ApRap in MAPK activation, we delivered dominant-negative (dn) ApRas or ApRap into the Aplysia CNS to functionally reduce the activity of endogenous ApRas or ApRap, respectively (Fig. S3E) . Consistent with earlier results (Fig. 3A) , basal MAPK activity was not affected by tat-dnApRas transfection (102.0 Ϯ 3.6%, n ϭ 8, P ϭ 0.6), but was significantly enhanced by tat-dnApRap (113.7 Ϯ 6.6%, n ϭ 8, P Ͻ 0.05) (Fig. 4A) , suggesting that ApRap actually suppresses basal MAPK activity.
To independently examine the role of ApRas and ApRap in 5-HT-induced MAPK activation, we preincubated Aplysia CNS with either tat-dnApRas or tat-dnApRap, whereas the control ganglia (see Materials and Methods) received the vehicle. Subsequently, the same patterns of 5-HT were applied to both groups. We found that blocking ApRas activation significantly enhanced MAPK activation by KCl ϩ 5-HT (121.4 Ϯ 5.4%, n ϭ 9, P Ͻ 0.05), whereas blocking ApRap increased MAPK activation by spaced 5-HT (121.2 Ϯ 9.2%, n ϭ 9, P Ͻ 0.05) (Fig. 4B) . Together with our earlier results, these data suggest that ApRas antagonizes MAPK activation by KCl ϩ 5-HT, whereas ApRap antagonizes MAPK activation by spaced 5-HT.
Our results so far suggest that there are multiple ways to achieve MAPK activation: (i) for spaced 5-HT, either activate ApRas or inhibit ApRap; (ii) for a single pulse of 5-HT with KCl, either activate ApRap or inhibit ApRas; and (iii) for massed 5-HT, either activate ApRas or ApRap. Together, these observations raise an interesting question: Are both ApRas and ApRap required for MAPK activation? As shown in Fig. 4B , we found that neither blocking ApRas activation alone during spaced 5-HT (107.5 Ϯ 8.1%, n ϭ 12, P ϭ 0.9) nor blocking ApRap activation alone during KCl ϩ 5-HT (105.2 Ϯ 3.8%, n ϭ 15, P ϭ 0.2) reduced MAPK activation; however, with massed 5-HT, either manipulation decreased MAPK activation (for tat-dnApRas: 91.8 Ϯ 3.6%, n ϭ 9, P Ͻ 0.05; for tat-dnApRap: 87.6 Ϯ 4.3%, n ϭ 11, P Ͻ 0.05). These results indicate ApRas activation is not required for MAPK activation by spaced 5-HT, nor is ApRap activation required for MAPK activation by KCl ϩ 5HT; however, both ApRas and ApRap activation are required for MAPK activation by massed 5-HT.
These results are unlikely due to nonspecific effects of the transfection. First, tat-GFP transfection did not affect MAPK activation (Fig. S3) . Second, transfection of wt-ApRas (or wtApRap) and dn-ApRas (or dn-ApRap) regulated MAPK activation in opposite directions under most conditions, and transfection of ApRas versus ApRap differentially regulated MAPK activation (Figs. 3 and 4) . These data suggest the changes in MAPK that we observed were specific to the type of protein that was delivered in the CNS. Interestingly, in our earlier correlational analysis, greater MAPK activation was significantly correlated with ApRas Ͼ ApRap for spaced 5-HT and ApRap Ͼ ApRas for KCl ϩ 5-HT; but the correlation was absent for massed 5-HT. Combined with the present data, these results suggest that, in response to spaced 5-HT or KCl ϩ 5-HT, both of which induce long-lasting plasticity, ApRas and ApRap are functionally interactive, and the Aplysia CNS can switch flexibly from 1 route to another for MAPK activation. However, in response to massed 5-HT, a pattern that does not reliably induce lasting plasticity, this interaction is absent.
Discussion
Our results show clear sensitivity to training-patterns in the activation of MAPK in Aplysia CNS, which appears early in the signaling cascade, at the level of the interactive small G proteins, ApRas and ApRap. Also, the role of ApRas and ApRap in MAPK activation is defined by specific training patterns. Our results are summarized in the model shown in Fig. 5 . Basal MAPK activation is inhibited by ApRap but not affected by ApRas (Fig. 5A) . A single 5-HT pulse converts both ApRas and ApRap to MAPK activators, but it is not sufficient to (i) change the relative activity of ApRas and ApRap, or (ii) to induce MAPK activation (Fig. 5B) . Repeated 5-HT application, or a single pulse of 5-HT with Ca 2ϩ influx (by KCl depolarization), changes combined activity of ApRas and ApRap (activating and/or inhibiting one or the other), thereby recruiting them to regulate MAPK activation in a pattern-sensitive way. Spaced 5-HT induces MAPK activation by either activating ApRas or inhibiting ApRap (Fig. 5C ). In contrast, KCl ϩ 5-HT activates MAPK by activating ApRap or inhibiting ApRas (Fig. 5D ). Last, with massed 5-HT, both ApRas and ApRap are recruited to activate MAPK (Fig. 5E) .
It is striking that such clear differential patterns of MAPK activation by ApRas and ApRap emerge, given that we examined intact pleural and pedal ganglia, which not only contain the SN-MN components of the tail withdrawal reflex, but many other neurons as well (including several interneurons in the withdrawal circuit; see refs. 30 and 31). Therefore, it is possible that the G protein-initiated MAPK responses that we observed are a general property of central networks in Aplysia.
Dual Regulation of MAPK Activation by ApRas and ApRap. Ras and Rap1 are canonical upstream regulators of MAPK. In simple models of this cascade, Ras serves as an activator by activating c-Raf or b-Raf, which in turn activates MEK and then MAPK. Rap1 can antagonize the activation by inhibiting c-Raf. Also, in tissues that express predominately b-Raf (e.g., brain), Rap1 can activate MAPK by activating b-Raf (25) (26) (27) . In our results, both ApRas and ApRap can be either an activator or an inhibitor of MAPK. Also, their roles in MAPK activation can be switched in a surprisingly short time frame (e.g., 5min 5-HT exposure can switch ApRap from an inhibitor to an activator for MAPK). The precise mechanisms underlying this finding remain to be eluci- dated. A number of recent studies suggest that there is great complexity in Ras/Rap1-Raf-MAPK cascade. Small G protein binding to Raf to expose the catalytic domain is required but not sufficient for Raf activation, which also involves subsequent phosphorylation and dephosphorylation at multiples sites in the catalytic domain (32) . A number of kinases and phosphatases have been implicated in this process, such as PKA, PKC, PAK, PP1, and PP2A (33-36), many of which have been reported to be activated by 5-HT in Aplysia (37) (38) (39) (40) . Therefore, the existence and activity of these cofactors, which may be differentially regulated by specific patterns of training trials, may determine the roles of ApRas and ApRap in the cascade.
We have also found that ApRas and ApRap can be differentially engaged in MAPK activation. There are at least 2 possibilities that may account for the difference. First, Rap1 binds to c-Raf without inducing its activation, but antagonizes Rasmediated c-Raf activation by sequestering c-Raf (41, 42) . With spaced 5-HT, ApRas activates MAPK but ApRap inhibits it. Thus, we hypothesize that spaced 5-HT may induce signaling cascades favoring c-Raf activation. In contrast, with massed 5-HT, both ApRas and ApRap activate MAPK, indicating the subsequently induced signaling cascades may favor b-Raf activation. A second possibility is that Ras can activate calcineurin, a Ca 2ϩ -dependent protein phosphatase in T cells and cardiac myocytes (43, 44) . Also, calcineurin has been shown to inhibit MAPK activation in Aplysia CNS (45) . Therefore, it is possible that, with KCl ϩ 5-HT (which involves Ca 2ϩ influx into neurons), ApRas may activate calcineurin and thus inhibit MAPK.
Implications of the ApRas/ApRap-MAPK Cascade in the Formation of
Long-Lasting Synaptic Facilitation and Memory. The different patterns of analog training that we used in our study induce distinct forms of synaptic facilitation (15, 17, 18) , which are considered as cellular analogs of memory for sensitization in Aplysia (12, 16) . Considerable evidence also suggests that the molecular changes induced by these forms of analog training contribute to memory formation (10) (11) (12) (13) (14) (15) . Thus, our study may provide insights into the cellular and molecular mechanisms underlying key aspects of memory formation. Specifically, we and others have previously shown that MAPK is critical for lasting synaptic facilitation and memory (15, (19) (20) (21) (22) 24) , and here, we show that ApRas and ApRap are differentially engaged in MAPK activation. Thus, these G proteins may also be differentially engaged in the induction of distinct forms of synaptic facilitation and their behavioral counterparts. Our results suggest that shifting the balance between ApRas and ApRap activity toward ApRas Ͼ ApRap may promote the formation of activity-independent (repeated trial) plasticity; in contrast, shifting the balance toward ApRap Ͼ ApRas, may support activity-dependent plasticity in Aplysia. In the literature, conflicting results have been reported regarding the role of Ras and Rap1 in synaptic plasticity and memory formation (46) (47) (48) (49) (50) . Our data indicate 2 possible factors contributing to these conflicting results. First, a major difference may be because a wide range of training patterns have been used in different studies. Second, our data show that critical insights into the roles of the small G proteins require examination of their activity simultaneously (e.g., by using a double pull-down assay).
Despite pattern sensitivity at the level of small G proteins and the downstream level of synaptic facilitation and memory, the actual magnitude of MAPK activation appears relatively insensitive to training patterns. This observation raises the important question: How is upstream pattern sensitivity conferred to and maintained in MAPK activation and subsequently, in the downstream effects mediated by MAPK? A critical feature of MAPK signaling is its subcellular localization. In Aplysia, spaced 5-HT induces MAPK translocation into the SN nucleus to regulate transcription for inducing LTF and LTM (19, 20) . However, cytoplasmic MAPK activity has been implicated in regulating membrane translocation of PKC (15) . Several lines of evidence suggest small G proteins may contribute to the compartmentalization of MAPK signaling (28, (51) (52) (53) . For example, in PC12 cells, nerve growth factor activates Ras at peripheral neurites, which may initiate MAPK-mediated survival responses; in contrast, the Rap1-MAPK pathway is activated in endosomes to promote differentiation (53) . In Aplysia CNS, different patterns of 5-HT may differentially recruit ApRas or ApRap to activate MAPK in different subcellular compartments, which, in turn, may couple it to distinct downstream functions and induce distinct forms of plasticity. Also, the formation of synaptic facilitation and memory may require coordination between multiple signaling cascades. For example, we found that massed 5-HT activates MAPK in Aplysia CNS without reliably inducing LTF, suggesting MAPK by itself is not sufficient for LTF and LTM. The formation of long-lasting synaptic and behavioral plasticity may also depend on how MAPK is activated, where it functions, and what downstream signaling cascades it accesses. Outside the scope of this study, this general question will be important in the next steps of identifying the distinct downstream effects of different activation patterns.
In conclusion, our findings demonstrate that the patternsensitive regulation of MAPK by the recruitment and interaction of ApRas and ApRap activity could in turn contribute to the molecular routing of different downstream effects that induce specific forms of synaptic facilitation and memory. Because the ability to encode adaptive information is highly conserved across virtually all species, and the structure and function of Ras, Rap1, and MAPK are also highly conserved, our findings could help to inform the analysis of the cellular and molecular mechanisms underlying MAPK-dependent memory formation in a wide range of species.
Materials and Methods
Cloning and Characterization. The cDNA clones encoding full-length ApRas and ApRap were isolated from an Aplysia CNS cDNA library (provided by Kelsey Martin, University of California, Los Angeles) by PCR screening, and were verified by sequencing and homology analysis. Distribution of ApRas and ApRap in different Aplysia tissues was examined by Northern blottings by using denatured cDNA probes encoding full-length ApRas and ApRap on total RNA purified from various tissues. The existence and the subcellular distribution of ApRas and ApRap in Aplysia CNS was further analyzed by Western Blottings by using Anti-Ras mouse monoclonal antibody and Anti-Rap1 rabbit polyclonal antibody from Stressgen hybridizing with the CNS homogenate, or the membrane versus cytosol fraction of the CNS (see SI Methods).
Animals and Training Analogs. Wild-caught adult A. californica (150 -250 g) (Marinus) were maintained in an aquarium for at least 3 days before experimentation. They were anesthetized by injection of isotonic MgCl2 (Ϸ120 mL/100 g of body weight). Pleural-pedal ganglia were removed from animals and pinned in Sylgard-coated dishes containing a 1:1 mixture of MgCl2 and artificial seawater (ASW; 460 mM NaCl/55 mM MgCl2/11 mM CaCl2/10 mM KCl/10 mM Tris, pH 7.6). The ganglia were desheathed to expose the neurons, and then incubated with ASW for at least 1 h before training. For spaced 5-HT, 5 pulses of 5min 5-HT (50 M) were delivered with 20 min intertrial intervals. For KCl ϩ 5-HT, High-KCl ASW (370 mM NaCl/55 mM MgCl2/11 mM CaCl2/100 mM KCl/10 mM Tris, pH 7.6) was delivered for 5 min followed by a 5 min pulse of 5-HT application with 2 min overlap between the two. For massed 5-HT, 5-HT was perfused continuously for 25 min. Immediately after analog training, the ganglia were cut out in MgCl2:ASW (1:1) and homogenized. For all experiments, the ganglia from 1 side of the animal were experimentally manipulated, whereas those from the other side were mocked-treated. Double Pull-Down Assay for Parallel Measurement of ApRas, ApRap, and MAPK Activation. To measure small G protein activity, GST-Ras/Rap binding domains (RBD, human Raf-RBD for ApRas and RalGDS-RBD for ApRap) were coupled to a glutathione binding column to capture only the active form of ApRas and ApRap (Stressgen). Aplysia CNS extract was incubated with both RBDs for 1 h at 4°C. The active G proteins were then eluted and analyzed by Western blottings. The amount of bound (active) ApRas and ApRap was normalized to the amount of total Ras and Rap in the sample. MAPK activation was assessed on the same blots. The magnitudes of ApRas, ApRap, and MAPK activation are presented as percentages of their within-animal controls (see SI Methods).
Tat-Mediated Delivery of Small G Proteins into Aplysia CNS. The cDNA encoding wt or dn ApRas, ApRap, or GFP was cloned into pET28.1 TAT vector (provided by Steven Dowdy, University of California, San Diego), and expressed in Escherichia coli as a fusion protein with N-terminal tat protein transduction domain (PTD) (54) . Aplysia CNS was preincubated with BSA (0.05% in ASW) for 30 min to block nonspecific binding sites. Then, the experimental side was incubated with 2 M purified tat-protein, whereas the control side was incubated with the vehicle (0.05% BSA in ASW) for 6.5 h at 15°C before receiving analog training (see SI Methods).
Data Analysis. For assessing the magnitude of ApRas, ApRap, and MAPK activation, student's t tests (paired tests for within-group comparisons and unpaired tests for between-group comparisons) were performed between experimental and control groups. The relationship of ApRas and ApRap activity with MAPK activation was analyzed by Mann-Whitney U tests because the data were not normally distributed. All P values are 2-tailed.
